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ELECTRONIC SUBSYSTEM ANALYSIS

1.0 INTRODUCTION

The Electronic Subsystem Analysis (ESA) program was a twenty-four
month effort from March 1975 through Marc 1977. The principal
activities were conducted for the Space and Missile Systems Organi-
zation, Deputy for Re-entry Systems (SAMSO/RS) with supplemental
activities conducted for SAMSO, Deputy for Minuteman, the MNNG
office. Studies and analyses performed during the ESA program
include#.

0 Analysis of emerging integrated circuit technologies

0 Analysis of semiconductor technologies relative to booster
and terminal guidance systems

1.1 General Background

The Electronic Subsystem Analysis program is part of the Advance
Ballistic Re-entry System (ABRES) re-entry guidance and electronics
activities for the establishment of the technologies required to build

advanced re-entry guidance systems with the required performance,
reliability, and radiation hardness while minimizing size, weight, power
and volume. . This program is designed to appraise critical technologies,
subsystems, a rovide design alternatives to assist ABRES personnel
in defining perforn ance criteria for components and subsystems and
planning future activities. This effort was a follow-on to the Tech-
nology Applications Program IV (TAP IV) (F04071-73-C-0294). In
November, 1976 the ESA Program was supplemented with the SAMSO/
YAD Fault Tolerant Spaceborne Computer program to provide engineering
studies and analysis.

-4-
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FI
2.0 OVERVIEW

One of the most important, and yet often overlooked topics for any missile
or satellite SPO at SAMSO, is the real-world state of the art in military
integrated circuit technology. These insignificantly small devices (usually less
than 1/4 inch square) have caused more system level grief than nearly any
other system component-usually by their absence. A recent example is the
medium scale integrated circuits developed by Lockheed for the Trident auto-
pilot computer. Tens of millions of dollars and over three years have been
expended in the development of these devices, with adequate results yet to
be obtained. The underlying problem with this effort was an unrealistic

technical assessment by Lockheed of the real world state-of-the-art in rela-
tion to system-imposed operational requirements. One of Questron's prime '

responsibilities is to provide SAMSO sufficient information to avoid such a
quagmire of specmanship vs technology limitations which often leads to
schedule slippages and excessive costs.

The real world of i.:tegrated circuits must be evaluated from the anticipated

users oint of view. Although a common base with commercial processing "t

is always desirable, radiation and reliability criteria usually (but not always)
dictate important modifications to the standard processes. SPO requirements

include the following topics:

I PERFORMANCE

o Speed '4
o Size, Weight, Power

* ENVIRONMENT

o Reliability
0 Radiation

* PRODUCTION

0 Short (I - 2 years)
0 Medium (2 - 5 years)

0 Long (>5 years)

* COST
0 Initial

0 Life Cycle"'

f7-5
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The following technology review is divided into two major sections. The

first addresses a review of majority carrier devices such as CMOS logic
and MNOS memories. The second section is concerned with minority

carrier devices such as bipolar transistors, transistor-transistor logic and inte-
grated injection logic. Included in each section are discussions of basic
device physics, new technological advancements, radiation effects and

reliability considerations. For brevity, it has been necessary to forgo the
pleasure of detailed mathematical derivations and extensive analysis. Every
effort has been made to limit the scope of this review to those issues
which directly address in a qualitive manner the criteria listed above.

t,
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3.0 MAJORITY #RRIER DEVICES

The operation of majority carrier devices can best be described by referral
to figure 3.1(a) which depicts a N-channel metal-oxide-semiconductor (NMOS) U
transistor fabricated on bulk silicon. The following discussion is applicable

to an P-channel device if the appropriate reversals in bias polarities and
dopants are made. As seen in figure 3.1(a), an NMOS transistor is fab-
ricated on a F wafer of silicon by heavely doping two closely spaced
regions with an N+ dopant (these areas are called the source and drain).
A metal plate is positioned betteen the two N+ regions in close proximity
to the silicon surface but insulated by a thin SiO'2 layer (800A to 1200A

thick). With no voltage applied to this gate electrode, the two N+ regions
can support a large reverse bias due to the two back-to-back P/N+ junctions.

" However if a small positive bias is applied to' the gate, the surface of the

silicon begins to accumulate electrons (figure 3.1(b) and 3.1(c)). With suf-
ficient potential, the entire surface between the source and drain will become
N+ in nature thus effectively shorting the two N+ regions. Therefore the
NMOS transistor has been turned on by a positive potential applied to the
gate electrode.

Recent improvements to the basic MOS device include the following:

0 The use of silicon rather than aluminum for the gate material,

0 Ion implanted source and draia regions,

0 Dielectrically isolated transistors.

The use of a doped polysilicon gate enhances transistor performance
through an increase in switching speed and also permits a more densely
packed integrated circuit via the use of a second level of interconnect
(polysilicon). Ion implantation is essentially a precisely controllable
pre-deposition of the required dopants. It's use increases device yield
and minimizes the required dopant drive-in time/temperature product.
Experiments have shown this to be beneficial in reducing MOS radiation
sensitivity.

..
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The fabrication of MOS devices in a thin (-1u) epitaxial film grown on

a sapphire substrate (deplicted in Figure 3.2) is an important variation in

MOS technology from both a military and commercial point of view.

The use of sapphire greatly reduces the node capacitances and provides
greater on-chip speed than is normally achievable with bulk MOS devices.

In addition, certain aspects of radiation tolerance are greatly enhanced.
The major drawbacks to the silicon-on-sapphire (SOS) technology include

strigent process controls, reduced carrier mobilities due to poor quality
epitaxial crystal structure and potential back-channel (Silicon-Sapphire)
leakage problems (discussed below).

Radiation effects on MOS devices include the following:

0 Total Dose

ol Dose Rate

o Neutrons

Because MOS technology is based on majority carrier physics, neutron
induced lattice defects do not cause appreciable degradation in performance.
This is due to a lack of minority carriers for recombination processess in
the channel region during device conduction.

Transient radiation effects are more pronounced in CMOS bulk devices than

CMOS/SOS due to the larger current collection areas (P-N junctions). Logic
upset levels for bulk CMOS range from 106 rad(si)/see to mid 108 rad(si)/sec.
SOS devices usually do not upset below mid 109 rad(si)/sec and have, through
careful design, reached mid 101 rad(si)/sec upset levels. Another major draw

back to bulk devices is the possibility of a four-layer latch-up action. This
is totally eliminated by SOS (dielectric isolation).

Total dose effects are primarily concerned with charge build-up in the gate

oxide and sapphire. Under radiation, electrons and holes are formed in

L the insulating materials. The nature of the trapping sites in the insulators
is such that electrons freely escape but holes are trapped and create a
space charge which decays with time after irridation. In the gate oxide,

this results in a shift of the gate potential required to turn the MOS device1
on or off. If this shift is too large, the device will cease to function.
Charge trapped in the sapphire can invert the back channel silicon-sapphire
interface and cause a moderate-to-large leakage current to flow. Recent

-9-
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advances in metal gate MOS device technology (both bulk and SOS) have
increased the, radiation tolerance to over 106 rad(si), At Present, silicoi
gate devices are only radiation hard to mid 10o rad(si) although consider
able research is underway to improve this.

In addition to the trapped charge Problems discussed above, there is currently
a great deal of interest in the physical aspects of radiation-nduced interface
(IF) states at the Si02-Si interface. These states cause threshold voltage,
shifts similar to that caused by trapped oxide charge and, in addition, reduce

the majority carrier surface mobility. A recent (July 1976) radiation harden-
ing conference included an interesting report by Harty Diamond Laboratories-
which proposed that IF states are created by the passage ot radiation-induced
holes past the Si062 -Si interface rather than radiation itself.

Since its identification as a- potential ridiafion effects problem several years ago,
rapid annealing of the MOS threshold shift immediately after an exposure

has received considerable ,attention. Investigative techniques are predominately
based on' freezing in the radiation-induced holes at 800K and thent slowly

heating the sample While monitoring the thermally (and sometimes electrically)
emitted charge. It is apparent that a qualitative understanding exists for the
phenomenon, but a -quantitative explanation must wait for more detailed infor-
ination regarding the spacial, and energetic, distribution of the relevant hole
traps.

'4
'Experimental studies ot the time dependence of the radiation; induced

OS threshold -voltage shifts have shown that 'it is entirely possible
to have a device which is insensitive to total dose (to -106 rad(si)) several
hours 'after irradliation but which shows large (3 to 4 volt) shifts in thres-
hold potential for lOms to I00ms. after an exposure.

Y Little meaningful, reliability data exists as of yet fot 'CMOS devices because
no major- system has fielded 'the technology. Numerous laboratory, studies
have been conducted for bulk CMOS. and some data exists for CMOS/SOS
technology. The chief problem, areas appeit to be the gate .oxide stability
and the input protection networks. This assumes the devices have passed
a minimal burn-in screen test since the real problem 'in CMOS/SOS is device

Yl producability. 'RADC has published 'limited reliability studies and is currently
studing evaluation standards for CMOS (both bulk and SQS) techiology.

-117
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A paper by IBM at tile International -Reliability Conference (April,, 1976)
-discussed, possible instabilities in N-channel FETs due& to hot electron in-

jection into the gate insulator from the drain junctiOn., If a portion of

these electrons are trapped, the threshold may shift and the source-drain
breakdown voltage may decrease. Data, Were presented to verify the theoi-

etical models and to establish a'.long-term, reliability vulnerability. Questron
feels that although 'tle data. were taken With unusual bias conditions (+l'2V

gate, +5V drain, ,3V body) and the source-,drain functions were reversed, to
6tihiance tie effect, 'thle reliability comiliunity' wvill probably require substantial.
verification of the stability of any -N-channel. device to be fielded in a
system, especially, one with a sandwich gate 'insulator. Questron agrees with,

this position, and- studies of hot electron injection ,instabilities should- be
included 'iii near term MX development ptograms.,

Questron conducted a survey of the current status of availability and

reliability of comznmercial CMOS RAMS for SAMSO/ABRES, Brief discussions
with 'Harris, Corporation- indicated failure rates of approximately 0.04% per

1000, hours at, 25°C. -Intersil has conducted -reliability studies on their'

silicon gate CMOS 1K RAM (IM-6508). A synopsis of these studies is
given, below. The 6508 -(military version) i§ screened to visual. class, B.
A stabilization bake of 150*C for 24 hours is performed along with a
10 cycle '(65°C to '15"0 C),, temperature -cycle test;, Life test data were-
taken in ,1974, and 1975. on approxiimately 668' devices for '863,000 device[ hours. This, evaluation resulted in a 'failure rate of 0.038% per 1000 hours
at, 60% .cnfidence, at '55C -- somewhate better than, the HIafris failure

W rate' ectiniate.,

The Ihtel reliability data' -is m6re extensive with -some 60 X i0Q device

hours. at, -550-. Calcuiated failure ,fates of 0.015% 'to 0.04% per 1000
'hours at 90% confidence level' at 55°C were. obtained- depending: on .thA  - -
details 'of the ,CMOS. technology, used ,(enhancement: Of depletion mode
transistors for example). f{, 3.1. ,Eagi l iIaton

,'he conventidOial,, te.iniques ,for -fabricating a logic, g4ii (an inverter in this

ease)- is,,shown- in Figure-3'2 Although the. figuie' depicts, 'ihe 80s, tech-
nology, , a 3imilaft structure exists Tr -bulk MOS tedhn6iog . To form a

comnplonjentay 'MOS, (CMOS) ,iv&rter, a Pl-hlannel 'E is coinected in
-series -with a N.alanimie1' ET. By 'connecting the. open .end:of the P-channel

-1 2-



FET t6 +16 volts, the open end of the iN-channel to ground and theI
gates of both devices -together, thi basic 'inverter structure is f6rined. It +10
volts appears on- the commnon gates, the N-channel device condiict , thus ground-
ing the commnon P+-N+ node. The P-;chafinel device provides isolation. frothi
the +10, volt supply. If 6 volts is applied to the gaites, the N-channel device
turns, off wh ile 'thle P.;channeI device turns on and the output (P+_N+ node)
rises to +10 volts. As, can be seen, one of the major advantages of C-MOS
technology is that the only power, it consumnes is that required to charge and

discharge the node 6ap~citafice. At' low frequencies, CIMOS power conisumlption

is ability of the.

Til spe ih hch'loivrercnsic epnstela d capacity

abiltyto uppy crret icreses naredl wih, ecrasig haiinel length

The highest achievWbl functionality (speed, -packing density, etc.) of CMOS

shown in Filur&- 3A3 this Aevice, is. the 'state-of-th-art- -ill CMOS/SOS- An
could, if it were radiation hard, fuiffil1 numerous SAMSO, requiremlents. It'
should' -be noted, that the original architecture for this device was completed
by Questron and Tracof under ABRES sponsorship approximately two years
ago.

The standard cell approach wvherein a LSI circuit is fabricated' from 'a liiiiited
'number Wo pre-designed logic functions can achieve. 50 to 80% of custorh
designed. device capability. Uniiversal logic arrays (ULA) consist of a large
number (75 to 3010) of elemfental inverter nodes fixed, on a chip and- inter-
connected at the discretion of the designer. 'This approach entails anl even
greater, peiforniance' penality (30 to, 60%7) relative to diistoni. designed circuits.

413-
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The problems associated with CMOS/SOS technology include the numerous

4(9to 11) critical processing steps low yield, lot-tolot variatiofns, "magic

fingers syndromhe"), the, achievement of a radiation hard silicon gate process
(total: dose and rapid anneal of threshold voltages are the key areas). and
declining comniercial .einphasis (Solid State Scieiitific has withdrawn from

the market, leaving RCA as, the sole commercial supplier of CMOS/SOS).

If the current military efforts to develop this technology contiiue at the
present level,, Questroi fees that the production schedule will fall, between

2 to 4 years. That is, the technology should be mature enough to be
seriously ,considered for productiomi purposes. Today, a SPO can go tO,
any of a number of contractors (Hughes, RCA and Rockwell for example)

and;, with, sufficient funds, have fabricated 50 radiation hard samples of any

given part. These would not be as complex as the custom designedGPU
at RCA, but ,c6uld certainly be a useful level of integration. The problem

would arise when. one begins, to shift attention, toward other system develop-
meit problems and relax the IC effort.

A
The bulk CMoS technology' offers much less production risk due to the
large commercial market and the absence of silic6hnsApphire interface. The

chief disadvantages to CMOS/Bulk have been slow speed (relative to CMOS/
SO8) and radiation, sensitivity (low upset threshold and latch-up). Coiise-

quently, little LSI military, emphasis for hardened systems has -been placed
in this technology ir the, past. Recently, Harris has developed a na'row-
channel bulk, CMOS process -with outstanding speed performance. Ti_ --

technique 'hms been proven in, the commercial. market, and' Questron has
tested several devices. Furthermore, Sandia has developed. a gold doping

process for bulk CMOS that eliminates -latch-up and reduces photocurrents

(i.e., increases the j upset threshold). Currently, 'SAMSO/YAD and SAMSO/

ABRES. are' funding an, 'investigation designed to integrate these concepts
with the objective of fabricating fast, radiation. hard, bulk CMOS devices
'for niilitary use., Results are expected by nii'd-1977.

Questron 'has recently noted a new 'CMOS/Bulk process developed by, RCA
for their COSMAC II microprocessor called C2 L (closed complementary logic).

Initial- speed performance is imipressive and the technology should be in-
vestigated for possible ,use with gold doping.

-15-
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3.2' MeNiory 'IniplementAtion

The Mos field effect transistor (FET) iends itself well to the conventional

static ,memory cell' (flip-flop circuiit) and several commercial Random Access
Memories (RAM)' ate aailable (both, on bulk and' sapphire); However, in

military applications where, nonvoiatility is ,often a requirenient, the, MOS
technology affords an interesting possibility. Since the threshold voltage

(the gate potential- required to turn the FET on) depends on the charge

trapped 'ih the gate oxide, it 'is possible to construct a single transistor
-memory cell that is both n~n-volatile- 5nd is not affected 'by reading- its
state, (NDRO). 'Figure 3.4 is a schematic of the Operation' of such a,.device
fabricated on bulk silicon. The gate insulator conslsts of a sandwich, of

silicon dioxide (Si0 2 ) and silicon nitridd (Si3 N4 ) (metal-nitride-oxidesilicon.

MNOS). The oxide is thin enough (20A), so that when a modest potential
is applied -between the gate And the 'FET body (20 to 30 volts), dcharge

tunnels ifito-_the ,ihsulAtt ,and becomes trapped near the initerface between
the ,Si0 2nd Si3 N4., This charge remains .trapped until :a- reverse, voltage
is applied to erase the memory. The state of the, memory~is Sensed by,

determining the .threshold potential of the transistor.

The operation -ot the mnemory device itself, 'is relatively independant of the
substrate, material (silicon, or sapphire), but on sapphire, 'the decode circuity
is much faster resulting in a' low memory access time relative to bulk, devices.

the chief MNOS characterizing parameters are retention and endufande. A-
'lugig write 'poential' 'will' inject ioe charge in a short -period and provide
longer retention but will also degrade the insulator properties atter nun',!,rous
Write .cycles. Thus ,MNOS devices Weat -out after extensive use. It 'has

been found that the better 'the, wearout -properties, the wdrse the charge
retention characteristics; In particular, several MNOS imnufactures have foundl
the product of retention (in seconds) and the endurance (write cycles) is -a
constant and is approximateiy, 1016. The physics of this phenomenon is,
not clearly understood.

-16
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Within the past two years, there has been an outstandinig increase in
comm~ercial interest in, non-vo~atile seihiconldubtor iemories. Application~s,
have been found, in citizen-banid radios, television sets, and pocket cal.;
culators. These fields in themselves should prov'ide an adequate base
'for long-termn commiercial' interest. In addition, National' Cash Reglster

A reetM okhp(imus 1 976) reflected this intense interest
with oeoehudd-attendees 'fromn many of the largest commercial -Aocfl (BM ainl Fairchild, NCR, ctc.)- and many counitries (Japan '

was well tepteselitedi;I The 'conference was, organized around- five key topics:,

0 Status of .theoretical Analysis.

o Processig paiametefs.

a Experiniental analysis techniques.

0 Reliability and radiation effects.

0 Integrated circuit design and 'applications.

Although. MN08 was the most popular memor-y element, othir related tech-
'nologids were- discussed' (FAMOS, avalanche injection, and Al 2 03 /SiO2 gate
structures were the most prominent). During- thle course of the conference,

T 'it 'became clear, tlmuU for MNOS techinology,, device fabrication has progrcesed
further 'than the knowledge of the physics of the material and a great' deal
of research is needed to understand quantitatively hlow MNO$ devices func-
tion. This is, even mfofe crucial' for MNQS than. 'CMOS devices due to. -the
necessity of aceeae'test techniques for endurance and. retention and

sayfrMO.A fAgs,17,only thjAS C rga

andtheWeaonsLaboratory were sponsoring MNOS/SOS developments and'
F4 onlyAC', L -has, 'been attempting to fabricate 'a fast MNOS RAM on. 'sapphire.

Aside fromn Westinghouse, there was generai pessimismn regardling the success
Y itof the MNO$ RAM with the curren~t state-of-the-art. Westinghouse's differ-

'ential write technique is unique and, at the piesent, is. the binly way a useful'

write cycle RAM can- be constructed from MNOS techinology;

0.18-



At least six MNOS theories. -wete discussed and compared. Each applies

to some specifi c test condition or environment and can adequately

represent only that situation. No, attempt was made to generate a
"universl, MNOS" theory - du primarily to gross differences in pro-,
cessing details which result in variations in electron/hole trap distributions,

band structures, etc.

Key issues discussed during the theoretical- portion of the conference
included thd following:

* Extrapolation. of retention data is not Warranted: by present

knowledge of the physics of charge storage,

,I The initial' threshold window has little, eftect, on long term

retention (IBM, philosophy),

• Most theories reduce to a coimmon set of predicti6ns ii the
limit- of very long or Very short write pulses.

There was some interest (prinarily Bell tabs) in the use of A12 03 ir place
of the si 3'N4 . -insulator although little information was presented to directly

compare .the two technologies. Several Papers dealt With the identification
ahd elimination of contamination durifig-the Si0 2 , Si"N 4 and/or Al 2 03

deposition;

One of the most startling 'papers of the conference was delivered by RCA
and -concerned the -true iature of the thin (10 to 50A) Si02 layer. It

1 was proposed that this-.layer was -not Si02 at all, but rather a diffuse
siicon and nitrogen' rich layer whose band. structure and insulating proper-
-ties iemain, essentially unknOwn.--.

t Reliability data for 'bulk MNOS fielded ,by NCR in point-ofsald terminals
was quoted by Sperry to be approximately .008% per 1000 hours at 60%

4}_ confidence level., This is the only -published- reliability data known tO
Questron -for MNOS devices. Since potential problems related 'to sapphire
and' the fast write mode of operation currently putsued 'by ACT :J' are not
included, it 'is probable that this figure can be used as an optimistic relia-

bility goal.
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Finally, there were numerous device papers wherein operational character-

istics i'r several, military ,contractor prodtucts were discussed, modeled -and,

compared to competing designs; One rather interesting concept involves
a-current Westinghouse contract, with the Air Force tob develop, afast

write volatile RAM with. an intermixed MNOS' EAROM. On command,

total data transfer to' non-volatile -storage is executed-iIn one Write cycle

for the entire memory. This technique could be useful in a true hard-

ware circumvention and recovery system.

3.3 Charge 'Coupled Devices

A charged coupled device (CCD) consists of an array of narrow conducting
plates 'positioned in close proximitY (800A t6 1200A) to a lightly doped
wafer of silicon. The plates are usually grouped ifi units of three and

the units are repeated several hundred. times across the silicon chip. If

three related :potehtialS are applied, to each unit (V - V3 > Vi) and

charge is deposited in the potential well formed by V2 , it will- reinainI

trapped beneath this plate until the potential bias are changed. It 'is

possible to move this trapped- charge packet along the Ine of plates 'by
judicially varying the applied potentials. Thus the CCD is related to' the
fact that they can store and transfer charge signals that have been introz

duced' either electrically or optically.

CCDs have f6und applications in area-image sensors, serial mhemories and

transversal filters. Analog filter systems based on CCDs ate 'smallef and
cheaper than the conventional methods, which employ ,analog-tozdigital con,,

version, digital manipulation with d computer and digital-to-analog recon-

version;

Currently, CCD area-image sensors are being developed by Fairchild, RCA,
TI, Bell 'Labs and GE. High density memories are manufactured, by'

'Fairchild, -Intel: and Bell NortheinLResearch. Transversal filters are being
developed by General Electric and TI.,

The radiation-mnduced upset level for CCDs, is extremly low. One to ten
rad(si) will fill the potential' wells with -charge and render the device

inoperative until .the potential wells can be electrically emptied, The
total (lose radiation sensitivity (permafient effects) is simiilar to the .discussion

for conventional MOS devices. Neutron effects have not yet been- exten-

sively addressed.
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4.0 MINORITY CARRIER DEVICES

For the puiposds of this report, minority carrier devices will imply inte-grated cir'cuits constr'ucted using bipolar transistors (either NPN or 'PNP

type)* Figure 4.1 is a schematic of a NPN bipolar transistor fabricated'

in bulk silicon. The device consists. of an emitter, a base and a collector,

Under appropriate biasing conditions, electrons leave the eniittet, travel
through the base ,(sifide, the base is P-type material, the electrons are

iminority carriers in this region) and are collected by the large N-type

region ,(collect6r)

The ratio of the current injected into tlie base to the current flowing
from. the emitter to the 6idckt6r is the transistor gain. High gain devices

usually, have narrow base widths to- mininmize losses due to minority, carrier

A recombination,ih the, base region.

One of the limiting tactors in the switching, speed- of a bipolar transistor

is thie time required to establish and then remove, the charge stored' in the
depletion volume between the base and the collector. Switching speeds of
10 ,to 20fis are comnin unless, specific steps 'are takei to teduce this stored
charge. One technique consists of lightly- doping. the d6llector' region, with,

gold Atomns.. This ,effectively reduces' the depletion, volume, and increases the

speed''of the, :transistor, Care must -be taken not to introduce gld into
the base region as this greatly increases, recombination :losses.

Another common technique consists of adding a special, diode between the
base and the dollector. This. device is called Schottky diode and, depending
on its construction, conducts at 0.2 to 0.4. volts instead of the hormal: 635

volts fo- PIN junctions. 'This voltage clamping action between tile base and"

£ collector prevents the formation of A large depletion volume and greatly speeds
the switching action. Both techniques are currently in production for major

systems 'and are discussed beloW.

Recently' ion 'implantation ,f base and emitter dopants has been, actively
.g investigated as an -improved processing technique.
r
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4.1 Radiation Effects
Since most bipolar devices do- not depend, on charge transport near this

silicon surface, total dose -effects are, minimal. Occasionally charge trapped

in- the field' oxide neat- a, 'P-N isolation junction will cause leakage and

possible field inversion. This problem is fairly well understood in. the
industry and with miniinal care, devices can be constructed that Will.

operate -to- 106 rad(si)

On the other hand, 'bipolar, devices- are very sensitive to neutron displace.;

ment damage in the base region and in the lightly doped collector region.
Silicon damage in the base -results in a severe loss in transistor gain while -col;
lector damage increases the collector-to-base saturation, voltage (reduced noise
margin). -Unhardened bipolar devices often cease functioning below 1013

neutrori/cm1  (1MEV equivelant) while current hardened devices (narrow :bases

and- specially doped- -collectors) operate up to mid 104 neutron/erm.

Transient radiation effects -are similar to those discussed in bulk CMOS
devices. For bulk devices, radiation induced photo~currents can cause logic
upsetV between 10 and 0 rad(s0)/sec aihd -the potentia fr"grllrlth

up action exists.

To -alleviate. this sensitivity and the latchvaup problems, the military -has

financed the ,development of dielectrically isolated (DI) bipolar devices.
T'his 'technology is based on fabricating each transistor in its, own, 'isolated
tub oft epitaxiaily grown silicon as shown in Figure 42 Unfortunately,

this isolation does not come -free. Reduced packing density preclude fab;.
rication of true LSI device si and the cost for mediumt scale integrationi

(MST), chips is on the order Of $100 each; One 6f the 'biggest problems
with- DI technology is, low Yield due A.o tihe, fabricition, techinique -used
in forming the dielectrically isolated 'tiibs of silicon. Several manufac-

turers are Working on- new dielectric isolation processes but to Questron's

[ knowledge, only TI (a sense amplifier program with AFML): is Air Force
funded. ,
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Standard Materials Isolation ProcessIi- 'Figure 4.2
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At this point, a few brief comments regarding linear circuits are in 6rder, A

heavily utilized part is the o1perational ainplifier. There ,are numerous,

development programs at RCA, Itarris, TI, and Motorola designed to fab-

ricate, radiation hard, fast operational amplifiers. At present, the most-

promising devices are the Ilarris operational amplifiers developed 'for Lock-

heed C-4 and' for Northrop (different devices), and an RCA operational

amplifier. developed for the MKS0Q program at GE. Initial data at GE

show excellent radiation hardness. Data on Harris devices is currently
being taken by both customers.

" At present, there is no source for radiation hard voltage controlled oscil-
I ,lator§, video amplifiers, or line receivers-parts ieeded for analog signal
processing. MX has identified' a need for these parts and has initiated

a development program at RCA and Motorola.

The tour chaainel AC-coupled sense amplifier under development at TI by

the Air Force Materials Laboratory is based on a new DI process wherein
the epi is, gro'wn in the insulating boat to the desired thickness :rather than

ground down from a thicker epi layer. This process should permit the

fabrication of very shallow (and radiation- hard). transistors. The current TI
schedule called' for test bars by December 1976, and the first sense ,amplifier
in the first qmarter 1917. Questron is currently evaluating the most sen-

sible ,procedure for. SAMSO to assure the existeice of A MX usable sense

amplifier by 'mid-1978.

4.2 Logic Implementation

j Currently, dielectric isolated traiisistor-transistor logic (TL) is the most

- '¢ popular bipolar ciRcuit implementati6n for, radiation hard system, usage.

Figure- 4.3 represents typical realization of TL gates. The common ele-,
ments are multiple eiiitter ilputs and "totem pole" outputs. The Navy
Trident program is presently using two f6rms of T2 L devices. Tie
auto-pilot computer (Lockheed developed) is designed around, the LMSk

C-4, devices, described ,in Figufds, 4.4 and 4.5. The, Trident guidance corn-

puter Jhas adopted- the MSIA 'family of parts also described in Figures
4.4 and 4.5. The advanced Miiiteman MissileX (MRX) program has base-

lined low power Schottky T2 L devices similar to the LMSC C-4 tech-

nology. The primary changes involve the replacement of' the gold beam
lead bonding, technique with conventiolial aluIninuim bonding pads.

-25-



Vcc 'Vic VCt

"Vogt

'vsk'

ViM

VIM, 0 V

'Bipdlar Logic Structurtes,

Figurce 4J~

;26t;



Extensive reliability and radiatioi testing of the LMSC C-4 devices is

currently underway at Lockheed as a .pai-t of a qualification- program. I
Due to persisting difficulties in producing the LMSC C-4 parts, Lock-
'heed ias 'had to delay the completion of its qualification program

several times. The Minuteman SPO has initiated an Air Force study

of the modified LMSC c4 devices, (AIRS Parts) which will include
producibility, device cost, radiation vulnerability and reliability.

The MSIA devices have completed a, thorough reliability and radiation

vulnerability program. The devices are ciirrently, 'in system use in the

TRIDENT Guidance, Computer.

Recently, a new logic implementation of bipolar :tech1ology, has been

introduced in the commercial and military- indrket§. Because of the
particUlat nature of the 'inverter.geometfy, it has been designated

integrated injection logic .(1 L).

The prinmary disadvantage of 12L (integrated, injection logic) is its newness;

At first, devices were relatively slow (20 t 30 ns/gate) and fairly neutron
sensitive (-1-10 ni/cmri2). Its advantages include :good packing density,
few processing steps, and the ability ,to include digital and linear devices
on- a single chip. 'hi 1975 Questron advised. SAMSO tht the super active

commercial' market should be closely watched by the military as, speed
Will, probably increase, and -if smialler trafisistors ate inpleniented, radiation
hardness may increase.

In response to this fecommendatiohi funds from both M-X and DNA, were
directed to NwSC (Crane Ind.) to aid in assessment of the possible military,

uses of 12 L technology. NWSC has -finished this -study, and 'A final report
has been reviewed by Questron personnel. Below are a 'few conclusiois

drawn from the contents of the report.

With the.,possible exception of transient upset levdls ,commercial 12 L 181

devices -could probably meet many Air Force system needs, In order 'to
meet 'the more severe' milifary hardeiifig requirements, several' experimental
12 L contigurations exist and a development program 'designed to evaluate

the 'LSI 'potential of these geometries should be 'instituted. A f ew of
these experimental structures have demonstrated sufficient neutron and. total

2 dose, tolerance to be of use to reentry systeniq.
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'the only transient upset tests performied to date on an LSI circuit Are
those of Boeing on the TI SB0400. An upset was observed. at 2 to 3

'x 161' iad: (si)/sec. It is, Questron's recominehdatiofi that similar tests
~1 be performed on the new 9960 111 microprocessor to evaluate the effect

o f reduced', device geometry.

Questrbn' has suggested tlidt NWSC include an LSI, logic device 4in their
technology assess§ment effort along with a RAM. Questron is' currently
holding discussions with integfated circuit 'houses regarding the- fabrication.
of the GPU device' recently designed and developed at RCA. This device
is the hiighest performance bit slice available And, since it has both an

ALU and', register file' on chip,, it will ffidke, an excellent test 'bed for

comparing various proposed LSI techn~ologies.

At the Initernational Reliability tCojferefic& in April, 1976, Bell Laboratories
presented the point Of' view that I;2L is essentially a- common bipolar tech-,
'nology and as such, can easily 'be 'designed to whatever reliability' -lev~Th'

achievable with Ti L, LP Schottky, etc. A novel feature of 12 L is that it'
cgn.,be operated. below, I Volt VOD (although it 'will" be' 'fairly' slow) and-
that chemi-ical electro-migraii~n, in a salt solution appears, to -have. a 1, volt
threshold. Thius, if the, 'device,, is opetated' -at less tlidn 1 volt, neither' chiip"

passivation nor 'hefinetic package seals. .would be required. Unfortunately,
Most 12 L device§ -produced to date have. T 2 L buffer circuits 'Which operate

at' '-5 Volts VDD.

'43' Memiory "IiiplementAtioii'

Program memory storage for guidance systems with hardening' requirements
has traditionally been, a problem. Hfistorically these, subsystems have' 'been,

cumbersome, unwieldy, and indfficient, due primiarily 4o what. was Available
.as a. devel~pedd hardene~d stofagd media. The' Miiitemlan III' einploys a
drum' memory which is A serial- memory and therefore far too sl6w fok
the ambitious teqtiirem~htg Proposed' for the next geuneration guidanlce

* machines; 'Thie Poseidon computer ificbrpoiate a U-Core "Braid" piogram-
memory whlichi is very buky and ]s a memory that requires, a total, new
m~niifadttured itei~ when piogr~rn cages are necessary.
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The SP-23" Branch of the Navy -has decided to use the integrated circuit

Programmable Read-Only Memories (PROM) as the program memory for the

Trident guidance computer. These devices will be commercial devices such
as the Harris H7610 with the exception of 'NiCt film current limiting te,

sistors on the chip and a gold doping for improved Beta performancd,
under radiation. The memory system will-,employ power strobing after
transient radiation to recover 'from any "latch-up" problems. It should be-

emphasized that Trident will take existing commercial PROMS on bulk

silicon (no dielecttic isolation), and add NiCr resistors and a gold spiking
step for their devices. hi the past;, considerable concern has been ,given

to the reliability aspects of -PROM'S. The biggest fear has -been the so
called "regrowth" phenomenon of the links. CSDL's studies into this pt6-
blem have revealed that the problem lies in the commercial economics of
the device. When -the NiCr links are put ofh the wafer there is often, a

mask registration, problem and- the routine procedure has been to strip off
the NiCr, realign the mask, ahd- redeposit the links. In stripping off the
NiCr, the oxide 6n which it Was deposited becomes etched into a stepped

structure. Therefore when the Nitr is redeposited properly, the oxide steps
create ultra thin links at each step. This weak point is. what, breaks

during the programming of the PROM and since the opening is only a
few angstroms wide, the so clled "regrowth" 'is attributed to many factors.

The point is that to prevent PROM regrowth, devices must be pfocurred

that haVe not had the NiCr stripped- during the wafer processing.

The impact, of the Navy program is significant to ABRES computer design
activities. The hse 6f commericial PROM'S, with small modifications, would

result in a flexible semiconductor memory better serving the size, weight,
and power aspects of teentry systems.
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